• Butyl butyrate synthesis by Enzymatic Reactive Distillation is possible
establish a rate-based model for conceptual process design which can be quickly adapted to other systems.
The main novelty is the application of a continuous RD column with enzymes as a heterogeneous catalyst provided in two different types of catalytic packing: loosely filled immobilized enzyme beads in standard packings with catalyst pockets and gauze packings with catalytic coating.
Experimental pilot-scale experiments show the feasibility of ERD and allow the comparison of the different packing types based on catalytic performance as well as stability.
Furthermore, these experiments are used to validate a predictive rate-based model to describe ERD which can be used to check the sensitivity of process and design parameters as well as to provide a quick adaption to other systems for quick evaluation.
Introduction
Biocatalysis underpins some of the oldest chemical transformations known to humankind, and it has become a key component in the toolbox of chemists and chemical engineers, allowing new green chemistry and highly productive processes to be developed [1] . Enzyme-catalyzed processes are used in many industrial processes, as for example the synthesis of enantiomerically pure chemicals which are important as intermediates in the pharma-and agro-industry [2] . The pharmaceutical and fine chemicals industry is demanding for economically more attractive processes [2] . Still, the most commonly used production mode for enzyme-catalyzed reactions is based on batch processes using stirred tank reactors [3] .
These processes lack in productivity and product purity [1] . A key problem is the increasing concentration of the reaction products that can cause inhibitory or toxic effects or promote unfavorable equilibria. In such cases, in-situ product removal is used to remove the product as soon as it is formed in order to overcome the constraints and increase the productivity and space-time-yield of the bioprocess [4] . In fine chemicals or pharmaceutical production, continuous production can significantly enable increased throughput, process safety, greener production [5] , process automatization and control, easier modeling, smaller hold-up of solvents, improved heat transfer and a cost reduction in operation and installation [6] .
Integrated and/or intensified processes are important tools for the successful and cost-efficient realization -one technique of process intensification is reactive distillation (RD) which realizes the integration of reaction and product removal by distillation in one apparatus, which opens up for potential higher conversion, selectivity, efficiency and capacity [7] . Using enzymes in combination with a RD process instead of a classic batch process can overcome chemical and phase equilibrium, and can deliver a cost-effective alternative to classic batch processes [8] . investigated an enantio-selective biocatalytic reaction carried out in a fully integrated batch RD setup [9] .
However, as RD using chemical catalysts either homogeneous or heterogeneous has been presented many times before [10, 11] , while to the best of our knowledge there are no experimental reports on continuous Enzymatic Reactive Distillation (ERD) processes.
Furthermore, different models such as equilibrium or rate-based approaches for RD using chemical catalysts have been developed and successfully used to evaluate feasibility, cost competitiveness or process optimization [12] . However, such models do not yet exist for ERD processes. Therefore, this study aims to fill this gap i) by being the first to report the pilotscale experimental validation of an ERD process based on the synthesis of butyl butyrate and ii) by establishing and validating a rate-based model of the ERD.
The chemical model system used for this study is the production of butyl butyrate (BuBu), a volatile ester with a pleasant aroma, used in the flavor industry to create sweet fruity flavors similar to that of pineapple. This transesterification reaction of ethyl butyrate (EtBu) with nbutanol (BuOH) forming ethanol (EtOH) uses lipase as catalyst (eq. 1). This chemical system is suitable for RD according to the feasibility scheme of Shah et al. (2012) [13] .
Among the enzymes used industrially, the B-component lipase from the yeast Candida antarctica (CalB) is a particularly efficient and robust lipase catalyzing a large diversity of organic reactions, including transesterification [14] . The enzymatic catalyst is immobilized in two different configurations, either as enzyme beads sandwiched in structured packing or as enzyme containing silica-gel based coating applied onto structured packing ( Figure 1 ). Both catalytic packings are introduced in the pilot-scale RD column at the Laboratory of Fluid Separations, TU Dortmund University, for experimental investigation.
A comprehensive rate-based model is extended from the former developed rate-based model [15] , incorporating mass and energy transfer, packing properties and the reaction kinetics. The main approach is to use "offline" measurement of kinetics and thermodynamics at lab scale together with hydrodynamic investigations of the influence of enzyme as beads or as coating in a binary non-reactive system. All these models are afterwards incorporated into one ratebased model. This model allows analyzing the experimental results to gain more insights into the experiments. Therefore, a sensitivity analysis was performed to efficiently identify sensitive process and design variables as literature examples show [16] [17] [18] , which can be used for future improvement as well as enable efficiently the identification of a feasible operating window.
Problem statement
For the evaluation of ERD processes, reliable process models are needed to provide predictions of operating states, scale-up possibilities and production cost calculations. To fill this gap, we propose to establish such a model on a fundamental basis of experiments as described in a recent publication [19] . The steps to an evaluation of this technology are: 1) collection of fundamental data (and experiments), 2) identification of an operating window, 3) development of a mathematical model, 4) model-based process analysis, 5) equipment-based experiments, 6) model validation and 7) optimization of the process.
The collection of fundamental data including property data [20] and the reaction kinetics [21] was presented recently. In this paper, we address the investigations of packing properties, we identify the operating window and we develop a mathematical model, followed by experiments which were carried out in a pilot-scale ERD column and a conventional distillation column. The aim is to propose an accurate rate-based model that describes ERD and to provide an experimental basis to prove the feasibility of ERD processes. The packing properties and correlations like hold-up, mass transfer and specific surface area, are required, but not available for the coated packing used in this study and are therefore investigated in a distillation set-up for a close-boiling binary system of iso-butanol (IBU) and BuOH and broadened afterwards to a rate-based model with the Maxwell-Stefan approach.
Experimental
In the experimental part of the work we address the materials and methods that were used to investigate the ERD, including descriptions of the ERD column and gas chromatographic (GC) analysis. A binary distillation system is used to ascertain properties of the used coated packing. The ERD experiments are conducted to show the feasibility of the ERD and to be able to validate the ERD model.
As both, reaction and separation, occur simultaneously in a RD unit, there must be a proper match between the temperatures and pressures required for reaction and separation translated into an overlapping window of the operating conditions [7] . Figure 2 illustrates the temperature and pressure range for the ERD process described in this study. This assessment is required for any experimental work. More details are provided in a subsequent section. Table 1 provides the list of used chemicals, including the substance name, its purity and the producer, as well as the application area.
Material & Methods

Chemicals:
Distillation column: Figure 3 shows the distillation column which is used at the Laboratory of [24] . It is assumed that the usage of enzyme beads does not change the packing properties. Each column section is equipped with packing depending on the investigated task (see Table 2 for details).
The height of a section equipped with Katapak-SP ® structured packing is 1 m high and a section equipped with Sulzer BX ® is 0.96 m high.
The process control software used was Siemens Simatic ® PCS 7. The vapor temperature measurement was performed using PT100 thermocouples that were installed below the liquid The bottom stream was connected to a cooler and send to the bottom product tank. Every 45 min, three profiles involving eight samples were taken with a gas proof syringe from septa in liquid distributors, bottom and top streams. Nitrogen was used for inerting the column and also to prevent from superheating/heating delay in the reboiler. Glass wool was used as insulation (3 cm thick) followed by a power controllable electric heating wire and another layer of glass wool (5 cm thick). The input power was set by a controller for which the set point was calculated from the vapor temperature measurement above and below the section of the heating wire ( Figure 3 ).
The start-up and shut-down procedure was in accordance with Keller et al. (2012) [25] . 
Binary Distillation System
A system of close boiling components was selected, namely IBU and BuOH in order to measure the mass transfer and hydrodynamic performance. The main influencing parameter of the packing in a rate-based / Stefan-Maxwell approach is the a i (interfacial area), which equals the specific surface area of the packing. For the enzyme coated packing, the coating covers the gaps of the packing's wire mesh and therefore changes a i which was not yet described. For the liquid hold-up, a hold-up correlation was established recently [23] . This is a valid assumption because a liquid film is still formed although the packing might now behave as a sheet metal packing.
The description of the binary distillation experiments was reported recently [23] . Table 3 provides the experimental plan summing up four experiments with conventional packing and six experiments with coated packing. The conventional packing was used to check the model accuracy, and to prove that the model is capable to predict the experiments, as well as to make a comparison with the coated packing performance. In order to estimate the interfacial area the concentrations in the distributors were analyzed and compared with the model. Finally, the interfacial area was adjusted in the model to match the concentrations in the column. withdrawn from the bottom. This set-up helped to keep a constant amount of substance inside the distillation column, despite the sample taking.
Enzymatic Reactive Distillation
The experimental plan for the ERD using enzyme beads (EB) and coated packing (CP) is given in Table 4 and conveniently visualized in Figure 4 . Two experiments of ERD using coated packing are carried out to show its feasibility. The nine EB experiments represent a broader range of operating parameters. The height of the reactive section in case of CP is 1.92 m and in the case of EB it is 1.00 m. The start-up procedure to reach the steady-state condition is the following. In this way, it was guaranteed that the enzyme's temperature limitation of 343 K is not exceeded.
• The experiment was started at atmospheric pressure with a high amount of ethanol in reboiler and liquid distributors.
• When first vapor was condensed at the column head, the pressure was steadily decreased and EtBu and BuOH was feeded through the side inlets no 3 and no 5 ( Figure 3 ).
• The procedure according to Keller et al. (2012) for choosing desired set-points for the operating parameters (e.g. mass flows and distillate-to-feed-ratio) was followed [25] .
Higher temperatures for the enzyme seem to be possible, but are probably associated with less stability. The mass of dry enzyme beads for the experiments is 56 g/m packing while the mass of coating on the packing is 40 g/m as the average amount of coating measured before and after the coated packing experiments. Note that, the mass per meter is not an indicator for the actual amount of enzyme inside or on the packing, since the coating mainly consists of solgel. The activity of the immobilizates was compared in a recent study [21] . To prevent the enzyme beads from repetitive shrinkage and swelling and therefore breakage, cold overflow was turned on twice a day for approximately 1 h to wet the enzyme beads inside the column.
The shrinkage and swelling effect was less pronounced and could therefore be neglected.
For all the experiments, a high amount of EtBu needs to be maintained in the reactive section since BuOH is inhibiting the enzyme. Three influencing operating variables, namely distillateto-feed-ratio, reflux ratio and substrate ratio in form of changing feed streams have been investigated.
Results and Discussion
In this section, the experimental results and the utilized model for rate-based simulations of ERD and binary distillation are described. This model was extended with physical properties of the used components [20] and kinetic data based on a recent publication [21] . Furthermore, the operating window is described in which the ERD is feasible for experimental investigations and simulation. The final subsection of this chapter demonstrates the validation of the ERD model by comparing the model with experimental results.
Model Description
Aspen Custom Modeler ® (ACM) was used for the rate-based simulations of the ERD process, building upon the generic RD model developed at Laboratory of Fluid Separations, TU Dortmund University -already reported in literature [15] . In recent studies the model was successfully used to accurately predict or reproduce experimental operating points for the synthesis of dimethyl carbonate and propylene glycol [10] , for n-propyl propionate synthesis [11] and for n-butyl acrylate production [26] . A first modeling study on the ERD for a chiral chemical system was recently published [19] . In general, the model describes a distillation column including the reboiler, condenser, column sections and the liquid distributors. It includes the MERSHQ equations [27] , while the physical property data from Aspen Properties ® needs to be added. If a reaction is considered, then the kinetic data can be seamlessly implemented.
In our study, Stefan-Maxwell correlations were used to describe the diffusional transport processes with the effective diffusion coefficients estimation based on the Aspen procedure.
For the conventional Sulzer BX ® packing the specific surface area of a i = 492 m²/m³ is provided by the vendor [28] . The mass transfer and hold-up correlations are taken from literature [29] [30] [31] . For the coated packing a new value for the specific surface area was determined within this work. The packing data for the Katapak-SP ® packing was reported in literature as well [24] . Kinetic Data: The kinetics of the transesterification of ethyl butyrate was investigated in a recent study [21] . Based on these experimental results we assumed that the catalyzed system is not mass transfer controlled so that the rate-determining step is the kinetic step. A lumped kinetic is used that comprises mass transfer and kinetics. For the enzyme coated packing a reduced ordered bi bi kinetic approach from Bisswanger [32] was employed (2). The kinetic parameters for the coated packing are presented in 
Physical Property
For enzyme beads a simplified steady-state approximation of the Ping-Pong Bi Bi-mechanism was utilized (3) [33, 34] . The kinetic parameters are listed in Table 6 .
The usage of two different approaches is explained in [21] . 
Operating Window
Binary Distillation System
In the first part we demonstrate the model accuracy for the system of IBU and BuOH with the help of the experiment Con_D2 (Table 3) . In this case, the conventional Sulzer BX ® packing is used, for which data from literature is available. The model accuracy validation can be observed in Figure 5 for the other distillation experiments with coated packing. The lower value for the specific surface area of the coated packing (less than 72% of the value reported for the conventional Sulzer BX® packing) means that the mass transfer rate is worse than for the conventional packing -as lower the specific surface area, the smaller the mass transfer flow between vapor and liquid phase. This is underpinned by the higher measured HETP values (20% [9] up to 40% [23] increase for coated packing), which imply worse mass transfer.
Enzymatic Reactive Distillation
In this section the experimental results and model validation for the ERD experiments are described. Figure 7 shows the experimental and simulated composition and temperature profiles in the column for the representative experiment EB3 (see operating conditions listed in Table 4 ). The operating parameters of the RD experiment were the same as in the simulation. Since the enzyme beads are more active compared to coated packing, a shorter reactive section is applied for the experiments with the enzyme beads (1 m, Table 2 ). The The reproducibility of the experiments is required to check if the operation reveals high accuracy and if the same steady-state is attained. Furthermore, reproducibility is able to identify possible catalyst deactivation. Therefore, the experiments EB1 and EB8 were compared, which were carried out at equal operating conditions (see Table 4 ) to demonstrate the enzyme performance after approximately 80 h of distillation operation with hot overflowing liquid and 120 h of cold overflow (EB2-EB7). As a result, Figure 8 depicts the experiments EB1 and EB8 and their performance with a different stress for the enzyme beads.
There is a slight change in the column profile and the conversion of BuOH is 95.5% and 95.2%, respectively. These slight changes are more likely caused by slight differences in the operating conditions. We ascertain that the catalyst is very stable despite the stress from operation and is likely to be used over long time periods.
Compared to the enzyme beads experiments, in case of coated packing the reactive section is longer (1.92 m). The activity of the coating is assuredly lower than the one of the enzyme beads. Hence, more reactive section height is needed for a reasonable conversion. The conversion of BuOH is 87.7% and of EtBu it is 24.2%, which is slightly lower despite the higher reactive section. Figure 9 shows column composition and temperature profiles for For both cases, coated packing and enzyme beads, the model is capable of reproducing the experiments with high accuracy and it is therefore validated.
Sensitivity Analysis
A local sensitivity analysis is presented for the purpose to identify the sensitivity of important operating and design parameters on the performance of the ERD utilizing the validated ERD model. Therefore an industrial process is considered with a total feed stream of 1250 kg/h, a reactive section height of 4.0 m consisting of coated packing and a total height of 7.2 m with a diameter of 1 m. Table 7 depicts the operating and design variables for the nominal operating point. One of the operating or design variables is changed during the analysis whereas the other parameters are kept constant. Figure 10 shows the influence of the following operating variables on conversion: substrate ratio (reactants ratio), distillate-to-feed ratio (D/F), reflux ratio (RR) and the column head pressure. It should be noted that the conversion increases fast with the substrate ratio when raised to a value of 1.5, but then it remains rather constant in the range of 90% for BuOH for further increased substrate ratios and decreases for the conversion of ethyl butyrate. The reason for this behavior is the negative effect of an excess of butanol which inhibits the enzyme catalyst. The conversion of BuOH initially rises with increasing D/F ratios since remaining substrate is recycled back to the reactive section. For D/F ratios higher than 0.55, a drop in the conversion of BuOH is observed which is likely due to the higher product reflux shifting the equilibrium to the substrate side. A mass-based RR of around 5 kg/kg ensures high conversion (90%), but exceeding this RR value leads to a reduction in conversion -as more product returns to the ERD column. This is detrimental to the chemical equilibrium. The column head pressure has an effect that is actually related to the corresponding temperature: higher pressure means higher temperature of the boiling system which leads to higher reaction rates and ultimately higher conversion. The discontinuity of the pressure course at approximately 11.3 kPa is possibly due to the vapor pressure of BuOH, which is at this value for the column temperature of 338 K. Therefore
BuOH tends to go into the liquid phase for pressures above 11.3 kPa and hence the reaction rate is increased.
The influence of the design parameters reactive section height, specific surface area and catalyst density in the column on the conversion is shown in (Figure 11 ). The higher the reactive section, the more enzyme is present and the more substrate is converted into product.
The same phenomenon is obvious for the catalyst density, which is related to the amount of enzyme per column volume. If more enzyme could be added to the column, higher conversion rates could be gained. In case of the specific surface area, there is an optimum at approximately 200 m²/m³. Remarkably, the conversion of the substrates decreases for higher values, although a higher specific surface area should increase the product separation in the reactive section. This is still true, but also the substrates concentration in the reactive section changes. With a higher specific surface area mass transfer is increased and the concentration changes in the reactive section are more intense. This leads to a higher ratio of the substrates inside the reactive section. In a recent publication [21] it was shown that for greater values of around 5 for the substrate ratio χ EtBu/BuOH the reaction rate is decreasing. Thus, a higher specific surface area leads to lower conversions. This could be different when applying the enzyme beads in the Katapak-SP ® structured packing.
The sensitivity analysis shows that high conversion rates can be reached in many different ways changing the operating and design parameters. Due to the excess of EtBu over BuOH the conversion of BuOH is always higher, whereas an excess of BuOH is not favorable. To find the optimum set of operating and design parameters, an optimization will be performed in the future.
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